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Abstract

In the report, the investigation of controlling helicopter-blade lead-lag vibration is

described. Current practice of adding passive damping may be improved to handle large

dynamic range of the blade with several peaks of vibration resonance. To minimize extra-

large damping forces that may damage the control system of blade, passive dampers

should have relatively small damping coefficients, which in turn limit the effectiveness.

By providing variable damping, a much larger damping coefficient to suppress the

vibration can be realized. If the damping force reaches the maximum allowed threshold,

the damper will be automatically switched into the mode with smaller damping

coefficient to maintain near- constant damping force. Furthermore, the proposed control

system will also have a fail-safe feature to guarantee the basic performation of a typical

passive damper. The proposed control strategy to avoid resonant regions in the frequency

domain is to generate variable damping force in combination with the supporting stiffness

to manipulate the restoring force and conservative energy of the controlled blade system.

Two control algorithms are developed and verified by a prototype variable damper, a

digital controller and corresponding algorithms. Primary experiments show good

potentials for the proposed variable damper: about 66% and 82% reductions in

displacement at 1/3 length and the root of the blade respectively.



Chapter I

Introduction

In this report, we first review the state-of-the-art and state-of-the-practice technologies

for vibration reduction in helicopter blades, followed by details and research plan for

conducting a study on vibration reduction for helicopter blades. In addition, we present

the major research part; finally, we discuss briefly the future research.

The proposed research consists of four phases:

(1) Documenting the vibration performance of helicopter blades, reviewing the

current vibration reduction methods for helicopter blades, and evaluating criteria

and philosophies;

(2) Identifying major problems of the blade vibrations and discussing possible

solutions, new control strategies, and new devices;

(3) Conducting analytical and limited laboratory studies to develop an improved

understanding of helicopter blades under vibration, designing semi-active devices

and the corresponding control system design, testing the new control strategies,

validating them by experimental investigation, and developing the analytical

model for the damper and the system;

(4) Developing recommendations for improved vibration reduction devices and

control system design for helicopter blades.

Task 1 - Conduct Literature Review: Vibration Performance of Helicopter Blades

In this task, we conduct a comprehensive literature review to assess the state-of-the-art in

vibration control of helicopter blades. Then we identify and evaluate current published

literature from appropriate sources about the vibration performance of helicopters.
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Task 2 - Identify of the Important and Key Issues

Subtask 2.1: Identify the Important Issues

Based on the literature review (Task 1), we identify several important issues requiring

further research and development. However, because of the limited funding available for

this project, addressing all the issues is unlikely under this research. Among the issues to

be reviewed are to:

(1) Clarify and verify the vibration sources in rotorcraft;

(2) Examine methodologies and mechanism of the vibration reduction in rotorcraft,

review existing and anticipated vibration control technologies to determine what

techniques are currently available for reducing vibration, and what new

technologies are being developed;

(3) Observe advantages and problems in current vibration reduction methods in

rotorcraft;

(4) Evaluate the performance of dampers (passive, semi-active, and active) the reduce

vibration in rotorcraft;

(5) Assess the possibilities of applying the semi-active control concept in rotorcraft;

(6) Implement a semi-active control system in rotorcraft, and improve the state-of-

the-practice damper design and manufacture;

(7) Improve control strategies in rotorcraft.

We review and discuss these and other issues identified during Task 1 and recommend

further research needs.

Subtask 2.2: Prioritize and Address Key Issues

Based on the above discussion, we identified a number of issues potentially important for

developing improved models, and as well as guidelines and criteria for improved design,

evaluation, and vibration reduction of helicopter blades.
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We rankedandpriontizedthefinal list of importantissuesasfollows.

1. Experimentalsetupfor vibrationtesting of blades

2. Identification and evaluationof vibration phenomenafor the blade, including

modeshapes,dampinginformation,andfrequencies

3. Designandmanufactureof thenewdampers

4. Developmentof control strategiesin asemi-activecontrolsystem

5. Developmentof experimentallybaseddynamicmodelsfor theblade

6. Validation and updating of the analyticalsimulation dynamicmodel, including

thefinite elementmodel.

Task 3 - Perform Analytical and Experimental Investigations

We propose to investigate the dynamic analysis of helicopter blades using a dual

experimental-analytical approach.

Subtask 3.1 - Experimental Investigation - The purpose of this subtask is to set up the

experiment to identify the vibration characteristics of helicopter blades, such

as the dynamic behaviors, modal densities, influence of boundary conditions,

etc. To simulate the performance of helicopter blades in "real" world, an

experiment has been set up carefully in the Dynamic Lab, SUNY at Buffalo.

The details will be shown later in this report. After accelerations are

measured with accelerometers at important points throughout the blade

under test, the displacements of the blade are calculated. Accelerometers

have measurement noise at the low frequency. Therefore, to avoid errors in

collecting the acceleration data and verifying the data and displacement

calculation from accelerometers, a LVDT (Linear Variable Differential

Transformer) is installed to measures the lead-lag displacement directly.

New software has been developed to measure the input and response signals

to produce the desired transfer function, and to instantaneously present the

vibration characteristics of the blade in the time domain and the frequency

domain.
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Subtask 3.2 - Identificationandevaluationof the vibrationphenomenafor the blade-

The experimenton thebarebladeis conducted,anddynamiccharacteristics

of the helicopterbladeareobtained.Basedon the informationof the mode

shapes,damping,and frequencies,etc, we designthe semi-activecontrol

device.

Subtask3.3- Design,manufactureandevaluationof variable dampers - we manufacture

and test the new type of the dampers. The vibration phenomena of the blade

equipped with the control devices are defined and analyzed.

Subtask 3.4 - Development of the experimental dynamic models for the blade -The

experimental dynamic models is generalized in terms of the major control

parameters. With a completely calibrated model, we characterize the

vibration reduction strategies.

Subtask 3.5 - Validation of the analytical simulation dynamic model - structural

identification is applied in this project: a finite element simulation model is

developed, and updated by experiment data.

Task 4 - Document Research Results and Prepare and Submit Final Report

Progress report is submitted at the end of the contract. The report contains a description

of all research conducted, and discusses the analytical and laboratory studies.

In this progress report, part 1 introduces the research tasks and organization of this report.

Part 2 presents the research literature review on vibration reduction in helicopter blades,

part 3 proposes our research study on control devices and control strategies, and part 4

shows the design and manufacture of the dampers. In part 5, we present the experimental

investigation on the blade behavior with/without the damper. We present several

conclusions and discussions based on the experiment investigation, briefly discuss future

research work.
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Chapter 2

Literature Review

2.1 Introduction

The high level of vibration in rotorcraft causes problems, such as structural fatigue, pilot

fatigue, reduced rotorcraft stability and reliability, and increased costs of development

and maintenance. Also, the noise caused by vibration affects environmental acceptance.

One of the primary goals for vibration reduction of the rotorcraft is to control vibration

within acceptable levels using appropriate means with minimum weight penalty. The

barriers to vibration control are accurate prediction methodology and efficient vibration

reduction systems. The blade normally has three motions: inplane (lead-lag), out-of-plane

(flap), and torsion. Accurately predicting of the lag response is essential because this

response is a large contributor to the loads in the blade system. On the other hand, in

modem blade design, inplane natural frequency is lower than the rotor speed. This type of

rotor system, so-called soft-inplane rotor system, has several advantages, such as lower

vibration and hub loads, simpler hub system, and lower maintenance cost. However, the

inplane bending mode, or lead-lag mode, of the blade tends to be very lightly damped,

requiling a lead-lag damper to dissipate excessive lag motion. Normally, the lag mode

natural frequency is around 0.2 - 5/rev; that is, about 2 - 30 Hz.

In the following sections, the vibration sources and current vibration reduction methods

are reviewed and discussed.

2.2 Vibration Sources

1. Aerodynamic loading on the blades and resonance amplification of the system

m
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Becauseof thechangesof speedandthe angleof attack,alternatingair forcesacton

the bladesonceper revolutionandat multiplesof this frequency.If the frequencyof

the transmitted force is near the resonancefrequency of the system, a large

amplificationof theforce andamplitudeof thetip motionmaycauseseriousdamage

mayhappento rotorcraft.

2. Vibrationcausedby someotherphenomena,suchasblade-vortexinteraction

The blade vortex interaction (BVI) causesincreasedvibration. Becauseof the

interactionbetweenthe bladeandthe tip vortexshedfrom the precedingblade,BVI

consistsof vortex-inducedloading. At the sametime, BVI containssignificant low

frequency unsteady aerodynamics,which causes substantial increases in low

frequencynoisecontent.

3. Aeromechanicalinstabilitiesin groundresonanceandair resonance

In groundresonance,the force associatedwith the lag motion reactswith the mode

landinggear,causinga hugehub motion.The motion of the hub further excitesthe

lag motion. Air resonanceis a couplingof the rotor lag modewith a fuselagemode

while thehelicopteris in high-speedforward flight. Sincethelag modeis only lightly

damped,the instabilitiescancausebladedamage,andevensystemfailure.

As abrief summary,weseethefollowing:

• We maydeterminethevibrationresonancesaheadof time, sothatwecanusethedata

asa reliableandeasyway for vibrationactiveandsemi-activecontrol;

• The ratios of maximumover minimum amplitudesas well as highestover lowest

frequenciesof thebladevibrationsrendera largedynamicrange;
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Oneof thekey issuesis that weneedlargedampingto the bladesystem.Usually the

original systempossessesonly little damping.However,currentstate-of-the-practice

techniquesdonotprovidesufficientdampingbecauseof the largedynamicrange.

2.3 Vibration Reduction

2.3.1 Passive and Active Materials

Modification of structural properties has included increasing the damping and stiffness.

Damping can be increased with constrained-layer damping, damped-link, and interface

damping. Each of these treatments has demonstrated the ability to improve the dynamic

response of the structure. However, this response is limited to specific locations, modes,

or in specific operating conditions. Stiffness can be increased by increasing skin or spar

thickness or applying reinforcing members such as brackets, cleats, or doublers. By

modifying the stiffness, we can change the vibration characteristic of the blade.

The structures with piezoelectric layers have been investigated. Some research on

piezoelectric actuators showed that the piezoelectric actuators do not depend upon the

flow characteristics. The most active materials have employed either piezoelectrically

actuated flaps at specific locations along the blade, or piezoelectric materials distributed

along the blade to directly control deformations in the host blade. The primary constraint

in both approaches is the need to obtain high piezoelectric forces and displacements with

minimum weight penalty. Since these approaches must be designed to fit within the

geometric confines of the blade, they can cause the difficult installation and the

possibility of system failure. Some studies indicate the failure during the tests. Also, it

has been proved that direct control of blade twisting using embedded piezoelectric is

difficult to implement because of the high stiffness of rotor blades in torsion and

restrictions in the bandwidth capabilities of available active materials, and while

conventional approaches with passive damping materials minimize structural vibrations,

piezoelectric layers may add substantial amounts of weight to the structure.
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Modem"smart"materialsprovideanopportunityfor on-bladeactivecontrol, possiblyfor

reducedweightand power.ShapeMemory Alloy (SMA) canbe trainedto remembera

specificshape,which it changesbackto whenheatedby anelectriccurrent.By arranging

thesmartmaterials,somepartsof thebladecanbechangedandmoved.Someresearchers

suggestedthat SMA canbeusedasactivesupportstruts.However,thismethodwill make

the blade structuremore complicated.Also, integrating of the smart material and

controlled structureis always a problem.The decision on how to optimize the blade

shapeandhow to achievethe targetshapewill bedifficult to make.In addition,SMA

consumesmorepowerthanpiezoelectriclayer.

Many researchershave begun to explore the applicationof ACL (Active Constrained

Layer) [17]. ACL consista layer of high dampingviscoelasticmaterialbetweena base

structureandaconstraininglayer. Nath,etcinvestigatedthefeasibility of ACLD (Active

ConstrainedLayerDamping)[26]. TheyconcludedthatACLD wasa likely candidatefor

increasingthe damping of the flexbeam. Recently, some researchersstudied the

applicationof EACL (EnhancedActive ConstrainedLayer) dampingtreatmentson the

flexbeam[1].

2.3.2 PassiveControlMethods

To reducethe vibration level, current helicopterstypically employ passivevibration

isolation and absorption.Passivecontrol devices,which do not requirea power source

and can storeor dissipatethe energy in the system,are inexpensive.However, these

devicesareheavy,andhavevariousother limitations,suchasconstanthub loadingand

constantcontrolparameter.

Passivetechniquesincludeoptimizedrotorbladegeometry,tip speedreduction,increased

numberof blades,andpassivedampers.Rotorbladegeometrycharacteristicssuchastip

shape,thickness,airfoil shape,andbladenumbersignificantly impactthe vibration level

of theblade.
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It is crucial to ensure adequate lag-damping to alleviate vibration in ground-resonance

and air-resonance instability. Normally, passive lag dampers are implemented to add the

lag damping. However, passive lag dampers have drawbacks, such as high

damper/flexbeam loads, hub complexity, and constant control parameters.

Elastomeric lead-lag dampers have been used since 1970. These dampers, which

dissipate energy by shear motion of the rubber materials, have low weight, no moving

parts and no leakage problems [7]. They can reduce the cost of maintenance and the

complexity of the hub system. However, elastomeric shear dampers exhibit undesirable

nonlinear behavior that is highly dependent on frequency, displacement amplitude,

temperature, and loading path. Studies reveal that nonlinearities in the stiffness and loss

factor of the elastomeric damper cause the limit cycle oscillation [10]. With the small

displacement near the root of the blade, stiffness is high and the loss factor is low;

therefore, the damping available for the lag mode is low, and instability occurs. Also, the

nonlinearity of the elastomeric material brings the difficulty in theoretical analysis and

practical application. The lag motion in helicopter rotors occurs at two frequencies: the

lead-lag frequency and the l/rev frequency. Many studies show that under the dual

frequency excitations, etastomeric damper efficiency has been significantly reduced [10,

27]. Elastomeric dampers use shear motion to generate the lag damping force, limiting

the placement of the elastomeric damper in the hub zone. The way elastomeric lag

dampers are installed in the Boeing 360 rotor hub indicates smaller motion for the

elastomeric dampers than that of the hydraulic damper, limiting the capability of

elastomeric dampers.

A Fluidlastic snubber/damper is similar to an elastomeric damper except that it includes a

chamber which is filled with silicone fluid to provide lag damping [22]. The fluid adds

viscosity to the energy-dissipating component of the damper. The advantage of the

Fluidlastic damper is that its stiffness is nearly linear, which can eliminate the limit cycle

instability.
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So far, many studies developed the nonlinear elastomeric damper model as those models

established by Gandhi and Chopra [10]. However, few models are associated with the

real elastomeric damper.

In past years, effort has focused on design and development of bearingless main rotors

for helicopter. The flap hinges, lag hinges, and pitch bearing are being replaced by

flexbeams. The flexbeams carry elastic bending and torsion to carry out the flap, lag, and

pitch movement. However, a lag damper is still needed to increase lag damping. Yet no

clear statement on what is the optimal damping has been addressed. In fact, in many other

areas, such as submarine, bridge, and automobile, etc, both experience and theoretical

analysis told us that when we need damping, for example, at the resonant region, the

larger the damping, the better the result. However, over-large damping may cause two

problems. First, because the stiffness of the blade and the fixture are not infinite, large

damping tends to become visco-elastic. In other words, when the damping coefficient or

its equivalent, becomes larger and larger, the entire system tends to deform and reform.

Energy will be stored and released. Such elastic behavior will decrease, not increase the

equivalent damping ratio eventually. Secondly, over-large damping may generate extra

damping force that may damage the blade-damper-fixture system. Large damping does

not necessarily mean heavy damper. If the above-mentioned two conditions allowed,

however, increasing damping would be a good strategy for blade vibration control.

2.3.3 Active Control Methods

Active rotor control technologies vary the configuration of the blade or rotor during

operation. Active rotor control techniques include higher harmonic control, individual

blade control, active trailing edge flap, etc.

Unlike a passive damper, which can only dissipate energy, the active control is able to

both add and dissipate energy from the system. The active control scheme is based on the

idea that in a linear system, one can superimpose two independent response quantities

such that the total response is zero. When applying this scheme to the helicopter vibration
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reductionproblem,the fuselageat selectedlocationsis excited by controlled forcing,

suchthat thecombinedresponseof thefuselagewill beminimized.

The primary disadvantageof activecontrol systemis that it typically has large power

requirements,which addsweight in the rotorcraft. Also, they can have unacceptable

failure modes;actuator failure would leave the rotorcraft system undamped.Active

systemsin generalaremorecostly, morecomplex, andmay bring externalenergyinto

the system,making which potentially unstableand thereforelessreliable thanpassive

systems.

Researchon swash-platemechanismsresulted in developmentof HHC [23, 29]. For

higher-harmoniccontrol, additional (higher) harmonicsare addedto the normal l/rev

cyclic input. Selectingthe appropriateharmonicandphaseanglecanchangethe loading

scheduleand to reducevibration level. HHC can reducehelicoptervibration level and

rotornoiselevels,improvinghelicopterperformance.ConventionalHHC achieveshigher

harmonic actuation of the swash-plate with considerable power penalty. Also,

experimentshaveshownthatminimum-noiseHHC schedulescreatehigh vibrationlevels

andviceversa.

While HHC is limited to having all blades follow the samehigher-harmonicpitch

schedules,IBC (Individual Blade Control) allows each blade to follow its own pitch

schedule[14, 30]. Theoretically,IBC canprovidenonharmonicpitch input; therefore,it

hasmuch more flexibility than HHC. However, since thosemethodstry to suppress

vibration by oscillating the bladeat higher harmonicsof the rotor speed,they will

generateunsteadyforcesto counteractthe effectsof air loads.Thesedevicesresult in

weightpenalty,complexityof controlsystems,andhighermaintenancecost.

In trailing-edgeflaps,atrailing edgeflap attheouterpartof therotor bladeis considered

[24]. A piezoelectricallydriven discreteflap generatesadditionalaerodynamicloadsto

reducethe vibrationlevel at therotor hub.Becauseof their potentialas lightweight,high
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bandwidthactuatorswith low powerrequirements,trailingedgeflapscanbeconsidereda

goodcontrol method.

Smartcontrol systemsarebeingdevelopedto detectandreducevibration. A varietyof

sensorsareusedto continually feedbackthe behaviorof the systemandthe information

on vibration levelsto acontrol system.The actuatorscanthenaddtheforcesaccordingly

to reducethevibrationandnoiselevel.

2.3.4Semi-activeControlMethods

Sincean activecontrol systemrequiresan externalenergysourceto power anactuator

thatcontrolsthestructure,andpassivedampershavetheconstantcontrol parameters,the

semi-activecontrol systemcan combine the advantagesof both control systems.The

semi-activesystemusesexternalpoweronly to adjustthe dampingand stiffnesslevels.

The controller determinesthe level of damping based on a control strategy, and

automaticallyadjuststhedamperto achievethatdamping.It needslesspowersourceand

hasvariablecontrolparameters.

Recently,controllablefluid dampers,suchasanMR damper,areanattractivechoicefor

the lag damper [9, 13]. MR fluid consistsof viscous-elasticplastic fluid containing

micron-sizedparticles.Whenthefluid is subjectedto themagneticfield, theparticlescan

createchain structuresparallel to the direction of the applied field. This effect is

reversibleand fast in the order of milliseconds.An MR damperhasmany attractive

features,suchashigh yield strength,stablehystereticbehaviorover a broadtemperature

range,andlow plasticviscosity.Oneof the advantagesof an MR damperis that it can

continuouslyadjust the damping coefficient. However,current control theory fails to

provethe necessarityof suchadjustment.Normally, whenwe needdamping,the larger

the damping,the betterthe vibration reductionwe canachieve.In otherwords,in most

situations,if not all, weneedsufficiently largebutnot continuouslyadjustabledamping.

Whendampingforcebecomeslessimportant:for example,whenthevibration is far from

theresonanceregion,dampingis adjustedto besmallto avoidextrawear-off. In fact, we
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can simply switch off the damper. Still, no continuous adjustable damping is needed

(Constantinou and Symans). MR dampers have intrinsic nonlinear properties, which may

be undesirable. Also, it moderately depends on the temperature and strongly on the

applied field strength, lag motion amplitude, and excitation frequency. Leaking fluid in

MR dampers can cause serious physical damage to the human being and to the

environment.

The following table summaries some smart materials, including ER fluid.

Material Force

Piezoelectric Med

Magnetostrictive Low

SMA High

ER Fluids Low

Motion Frequency Power Pros Cons

Low High Low Sensor/ Less
actuator effective

Med High Low Low Temp.

power sensitive

High Low Med Large Low

force frequency

Med Med-Low Med Lower Passive

cost force

Although variable damping is attractive in principle, it has problems with respect to

varying the damping by using admissible control law. Many researchers suspect its

effectiveness. In most cases, the larger the damping is, the smaller the vibration level will

be. Therefore, the damping in a structure should not be varied but should be kept at the

highest value possible [4].

The other way to achieve semi-active control is through variable stiffness approach.

Kobori et al. [15] proposed and installed an active variable stiffness (AVS) system on a

full-scale building. Bobrow et al. [2] proposed an active truss element. This truss element

can vary its stiffness. Its control diagram is shown in Fig 2.1. The conventional control

diagram is shown in Fig 2.2 for purpose of comparison.

The corresponding control law is to switch the auxiliary stiffness at each point when the

vibration displacement reaches its peak value. In this way, the auxiliary stiffness can

absorb the maximum deformation energy, then dump the energy out when it is switched
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off. The power needed is only to change the configuration of the hydraulic valve. This

control system is believed to be stable in the sense of energy dissipation by nature.

However, this statement is only valid for a free decay system, where no energy is added

after the initial stage. Earthquake excitation is a forced vibration; the control law (the

resetting logic) given by Borrow is not necessarily stable, in the sense of whether the

vibration level is reduced or enlarged. The reason is the possibility of overdraft since the

control law could not incorporate the input effect, especially for random inputs.

Lee et al. [16] had overcome the above difficulty and developed a new structural control

strategy, Real-time Structural Parameter Modification (RSPM). The basic idea of RSPM

is to vary the dynamic stiffness of a structure in real time. The principle of changing the

dynamic stiffness is to minimize the conservative energy of the structure [18, 19]. The

control algorithms consist of four levels of hierarchical controls. The device to realize the

control action is called functional switch, as shown in the control diagram Fig.2.3.

The power out from a controller is used only to change the configuration of the functional

switch, so that this control system is stable by nature. The possible overdraft, however,

can be eliminated by incorporating higher-level control algorithm.

Fig. 2.2, the diagram of typical active control, shows that from point A to B, then through

the feedback path to A again, forms a complete loop, which is the essence of the active

control. On the other hand, the switching type of "semi-active" control does not possess a

complete loop. The break of the loop is caused by the device. The input to a typical

device is often an electric signal determined from the feedback based on the structural

responses and issued by the controller. The electric signal commands the functional

switch to open/close or to vary the orifice. Since the device is not an actuator, no active

force can be generated by the device. Therefore, the device cannot actively affect the

behavior of the structure. In other words, the output of the device cannot be controlled by

the electric signal only. Quite often, it will not have any direct relation with the signal at

all. Therefore, the enclosure of the control loop does not exist. In this situation, it can be

very difficult to impose the active control law. In this sense, the "semi-active" control

n

14



doesnot behavelike an activecontrol, but closeto passivecontrol, sincethe force that

"generated"by thecontroldeviceis passivein nature.

Although the responseof a vibration systemis not directly relatedto the statusof a

control signal, it is directly relatedto the physical parametersandexternalexcitations.

Changingthe physicalparameters(mass,dampingand stiffness)will result in changing

the system response.Obviously, properly and adaptively changing the physical

parametersof the dynamic systemin real time will result in reducing the system's

responses.The RSPMactionsrefer to thoseactionsthat adaptivelychangethe structural

parameters,similar to the reflectionsof a living systemto externaldisturbances.These

actions are generatedby combined operationsof relevant structural elementsand

strategically installed functional switches. The functional switch is an important

componentin an RSPM control system.This specialhydraulic devicethat canprovide

different functions. It includesa rigid link to "switch on" (or connect)an additional

stiffness to the structure. It also can provide a "free condition" (or disconnectthe

stiffness). It can, in the third case,modulate the damping coefficient to achievea

specifieddamping.A separatepublicationis dedicatedto the dynamicresponsesof the

functionalswitches.

Decision-makingdependsnot only on theresponsesof thestructure,butalsoon thestate

of the excitation force. With the RSPM actions, the structureperforms an adaptive

function againstexternal excitationsthrough a certain modification law, so that the

vibration is reduced.Thereare no externalcontrol forces in an RSPM control system

althoughthefunctionswitchingprovidesamathematicalequivalentcontrol force.This is

an important and extremely desirablefeature in earthquakeengineeringapplications.

RSPMcontrol, or variablepassivecontrol, intendsto expressthe natureof the system

having the ability of an active control systemas traditionally definedbut without the

demandfor instantavailability of power to operatelarge actuatorin order to deliver

counterforcesthatmustbeappliedby externalmeans.

Stiffnessmodificationis oftenusedin moststructuralcontrol applicationsbecauseof its
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effectivenessand its implementalability. This report explains the essenceof RSPM,

which modifiesstiffnessaswell asdampingand mass,with major emphasison variable

dampingand the dynamic characteristicsof switching. In order to unveil the special

dampingmechanism,an RSPM schemewith stiffnessmodification is examined.The

modelof suchasystemis givenin Fig. 2.4.

In Fig. 2.4, the entire massM of a structureis lumped in the rigid block, which is

constrainedby rollers so that it can moveonly in simple translation.Thus, the single

displacementcoordinatex(t) suffices to define its position. The permanent and switched

stiffness are represented by the weightless spring K and AK, respectively. The damping is

represented by dashpot C. FS is the functional switch that realize the RSPM actions. The

sensors and decision making unit required in RSPM, are not shown or discussed here.

It can be shown theoretically that the proposed method of RSPM for variable passive

control can dissipate energy four times that of variable stiffness control. Practically, the

amount of energy dissipation will also depend on the reaction time of the functional

switch. Experimental data show that, if the natural frequency of a structure is around 2 to

3 Hz, or below that number, the time period of valve opening and force dropping should

be no longer than 30 to 40 milliseconds. This number can be easily achieved with

available technology. The frequency range is commonly concerned in earthquake

engineering. However, the natural frequency of rotor blade can be higher. Thus we need

shorter responding time for the blade experiments. So far, the quickest reaction time we

can achieve is about 2 to 3 milliseconds by using a very fast solenoid valve. For vibration

control on the rotor blade, it can be sufficiently fast and the energy dissipation can be

quite close to the theoretical value. As mentioned before, a large amount of energy

dissipation with relatively low force is one of the two major goals of this study.

In comparison to typical viscous damping with the same amount of energy dissipation,

the required force is in fact slightly higher, not lower than the viscous damping force.

However, since the viscous damping force is by nature a damping force that is

proportional to velocity, that force can contribute little to the force proportional to
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stiffness.In manycases,sucha spring force is neededto increasethe overall dynamic

stiffness.In this regard,RSPMwill improvegreatlysincethecontrol force generatedby

functional switchesis in naturea springforce. Figure2.5 showsconceptuallythat when

the spring force controlled by functional switchesis separatelyconsidered,the RSPM

schemecan provide the maximumenergydissipationwith given boundedforcesand

displacements. In a later section,the correspondingincreaseof dynamic stiffnessby

usingtheRSPMschemewill begiven.

As mentionedbefore,if the control schemeis carriedout only by the maximumenergy

dissipation, shown in Fig 2.5, the total control can be unstable becauseof the

phenomenonof overshoot.RSPMthuswill includea hierarchicalcontrol measure,using

a multi-rankedcontrol loop. The first loop will be designedto achieve the maximum

energydissipationpossible,using a push-pull functional switchpair. The secondloop,

whichoverridesthefirst loop,is designedto avoidtheovershoot.

If morethanonepair of functional switchesareused,eachpair canbe treatedasa local

control; the total controlof all setsof functional switchesis saidto beglobal. The third

loop is theglobal loop thatoverridesthe first two loopsto achievetheoptimal dynamic

stiffness for the entire structure.The fourth loop is used to guaranteethe fail-safe

function.Detailsof thiscontrol principlearegivenin theseparatepublications[18, 19].

More details about the semi-activecontrol devicesand theories in this study will be

discussedlaterin thisreport.

2.4 Theoretical Analysis

Modal analysis is a method to construct a mathematical model of the vibration

characteristics of the system based on the collected experimental data. In the modal

analysis, the modal model must discover three main properties: frequency (resonance

frequency), damping (damping ratio), and residue (mode shape, magnitude, and phase).

The information about magnitude and phase of the system can be obtained by calculating

m
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the residue.Every modeshapeis associatedwith the specificdeflectionof the system.

The frequency response functions (FRF) can be used to obtain those modal properties.

A process so-called curve-fitting is needed to estimate the modal properties to generate

an analytical function. In MDOF curve-fitting techniques, four methods can be used to

estimate modal properties: complex exponential, direct parameter, poly-reference, and

orthogonal poly-reference. The complex exponential uses a single response function from

one single reference location. The direct parameter uses multiple response function from

one single reference location. The poly-reference uses multiple response function from

one or more reference locations. The modal properties will show the overall influence of

all the modes in the frequency domain. The orthogonal poly-reference uses multiple

response functions for different reference location in the frequency domain. A software

package has been developed to do the curve-fitting in this project.

2.5 Summary

The problem of blade vibration is not adequately solved to our satisfaction. The

performances of various control methods do not sufficiently reduce the vibration level.

Yet relatively larger power, higher voltage, and heavier weight could still be further

reduced. The resonance problem still exhibits. Large dynamic instability is observed in

the system, even with the vibration reduction devices. Usually optimal damping for given

structures is the largest damping possible to be added. The reason why conventional

design cannot efficiently provide large damping is partially that current design standard is

based on worst scenario design for the safety issues. Due to large dynamic range of blade

vibration, most of the control devices cannot achieve the control goals.

In our research, our goals to reduce the vibration level are: First, we should avoid the

resonance by verifying stiffness; Second, adjustable damping makes it on-line-optimal to

reduce the blade; Third, the control devices should have a fail-safe mode with default

damping close to conventionally designed valve. More details will be given in the next

part.
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Chapter 3

Research on Semi-active Control Device

3.1 Introduction

In this chapter, we focus on the issue of adding damping to the blade systems, the

problem identified in the last chapter.

Before we begin to design the control system to reduce the vibration in rotorcraft, we

should keep in mind that the control system:

I. Should not cause too much weight penalty

2. Should not add the cost much for produce and maintain

3. Should not add the complexity of the helicopter system/control system

4. Should have high level of stability and robustness

5. Should have a safe function in case the control device itself is malfunction.

By examining the state-of-the-practice for vibration control on helicopter rotor blades, it

became clear that the problem is not adequately solved to our satisfaction. The

performances of various controls do not sufficiently reduce the vibration level. This study

is motivated to examine the blade vibration problem based on the experience of using

semi-active control to reduce seismic vibration.

3.2 Vibration Reduction Devices

Damper behavior can strongly influence the behavior of the rotors. Because the stability

of the rotorcraft, the blade load, and the in-plane motion are coupled with damper

properties, the damper should be carefully designed to reduce the vibration level of the

rotorcraft.

At least two important issues must be addressed in semi-active control: control principles

and control devices. Two types of hydraulic variable damping devices have been
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proposedby many researchers.First, Fengand Shinozuka[7] presentedthe varying

orifice. Mizuno [25] proposedanadjustablehydraulicdamperthat controlsthedamping

forceby meansof a flow controlvalve betweentwo chambersof the hydrauliccylinder.

Patten and Sack [28] proposeda semi-active vibration damper, also adopting the

variable-orificeconceptby usingLyapnovfunctions.ConstantinouandSymans[4] have

studiedanotherkind of variable-orificedamper,which regulatesthe secondaryorifice.

Second,varyingapparentviscosityof thefluid canaccomplishvariabledamper.Electro-

Rheological(ER) fluid and Mageto-Rheological(MR) fluid canbe usedasthis type of

dampingmaterial.

Oneway to achievethe semi-activecontrolis to usea hydraulicdampingmechanismfor

variabledamping.In this study,variable damperis proposed.By controlling the fluid

flow path, the different dampingforce canbeprovided.One fluid flow path is through

the smallorifice, which cancreatethe largerdampingforce.The otherfluid flow path is

througha largechannel,whosediameteris muchlargerthan thatof thesmall orifice. So,

in this state,a relatively smallerdampingforce is created.Therefore,the control device

canprovidethevariabledampingto thestructure,evenwhenthestructurehasonly small

amplitudeof displacement.

The hydraulic resistancethrough an orifice is a function of the orifice flow area,the

apparentviscosityof the fluid goesby, andsomeother factors.Thedampingforce is the

resultof viscousfriction arisingfrom thepassageof theworking fluid throughanorifice.

We will presentthedetailsin themathematicsmodelof thedamper.

Theschematicof thedamperis detailedin theAppendix.

3.3 Control Strategies

From the Coleman diagram for frequencies (ground resonance analysis) in Figure 3.1 [3],

we know that in the instability zone, whenever there is coupling of the modes, one mode

becomes unstable and the other mode becomes even more stable. Also, one mode will be
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moredampedthan the other one.As we know, normally the one that is lessdamped

becomesunstable.In a helicopter,the lag modehaslower frequencyandis lessdamped.

Typically, the lag modebecomesunstable.

From the Colemandiagramfor damping(groundresonanceanalysis)in Figure 3.2, we

know that with the increasedrotor speedstarting from the helicopterrun-up from the

ground,the rotor must go into andout of the instability zones.When the rotorcraftis in

the instability zones,a largedampingforce is neededto reducethe vibration.When the

rotorcraftis out of thoseinstability zones,a small dampingforce is neededto keepthe

hub loadsand fatigueloadssmall. Therefore,dampingaugmentationis requiredonly in

certain flight situations, where a potential for instabilities occurs, such as ground

resonanceandair resonance.In otherflight regime,thestrongdampingforceprovidedby

the passive damper or elastomericdamper to alleviate ground resonanceand air

resonance produces excessively large periodic damper loads (due to periodic

flap/lag/torsion motions of the blade.). These loads increasesfatigue loads and

maintenancecost,therebyreducingservicelife.

In somesituations,the force in lead-lagdirection is too high, if the damperkeeps

providing high dampingforce,it maycausedamperdamage,andeventhe wholesystem

failure. Therefore,the variabledamper,which canprovide different dampingforce for

the different flight conditions,and increasedamping when critical and provide less

dampingif not necessary,would be a bettercandidatefor the lag damperin the rotor

system.However, we must keep in mind that the support stiffnessprovided by the

connectionbetweenthedamperandthebladeis not infinite in therealworld. Therefore,

if the rotorcraft is out of the resonancezone,and if the damperprovideslessdamping

force, the total force provided by the damperand the connectionstiffnessis reduced,

which cancausethe natural frequencyof the hub to shift to the lower frequency.This

lower frequencymay couple with someof the low natural frequencyof the fuselage,

causing the resonance.Therefore,when we decide to take advantageof the out-of-

resonance-zoneflight and provide less damping force, we must design the control

algorithmcarefullyto avoidthesystem'sfalling backinto theresonancezone.
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As we know, a dynamic system has three parameters, which can be used to change the

dynamic behavior of the system: mass, damping, and stiffness. In the helicopter blade, it

is not easy, if not impossible, to change the mass. Therefore, besides the damping, we can

change the stiffness to reduce the vibration level of the blade. The stiffness will shift the

natural frequency in the system. In this study, we propose to use the support stiffness to

achieve our goal. The support stiffness exists in the connection between the damper and

the blade.

We use the following control strategies in this study:

First, we vary the damping coefficient to keep constant damping-force. When the

vibration level is small, a large damping coefficient is used to ensure sufficient damping

effectively suppressing the vibration. When the vibration level is higher than a given

threshold, the damping coefficient is shifted to be small to guarantee that the combined

force does not to exceed the allowed level, and vice versa..

Second, we change the supporting stiffness to avoid any possible resonance. That is,

when the blades start to rotate, the stiffness is high to achieve higher natural frequency.

When the rotating speed becomes higher and close to the natural frequency, the stiffness

is switched to be low to have another natural frequency, but lower than the driving

frequency. This portion of control is not completely tested.

Third, a fail-safe mode is considered as the default setup.

3.4 Summary

In this chapter, we discuss the new control strategies for the newly-designed variable

damper. Theoretically, we verify the concepts of the control strategies. In the next

chapter, we discuss the experimental investigation on the damper and the system. Based

on the test data and results, we can validate the damper and the control strategies from the

stand-point of experiment.
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Chapter 4

Design and Fabrication of the Dampers

In this chapter, we study several dampers. First, we use friction damper with fixed levels

of forcing functions as a tool to design variable dampers. We then use an in-house made

MR damper to search the limit of the effectiveness of variable damping as well as the

performance of the MR damper. We finally design and fabricate the proposed variable

hydraulic damper accordingly.

4.1 Friction Damper

If a friction damper is designed under an idealized condition; i.e. stead state vibrations, it

can provide the optimal damping. The reason is that the damping constitutions, namely

the relationship between damping force and damper displacement, is close to rectangular-

shaped energy dissipation. Therefore, an adjustable friction damper is first used to

determine the proper parameter of variable damper. Basically, it can:

(1) Verify the possibilities for applying the passive dampers.

(2) Discover the allowed blade's the maximum damping force under sweep sine input,

upon which the designs of the semi-active damper are based.

(3) Discover the dynamic characteristic of the blade with a friction damper, the result

can be compared with the results from semi-active devices.

The details are shown in Figure 4.1. During the tests, the friction damper can be in three

states: completely fixed, loosened, and completely off. From the tests of friction dampers,

we know that the best design damping force for the semi-active damper is about 1000 lb.

4.2 MR damper

The MR damper is designed to determine:
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(1) Possibleapplicationof the MR damper in reduction of the vibration for blade

(2) Dynamic characteristic of the MR damper

(3) Dynamic characteristic of the blade with MR damper

(4) Verification of the control system for the MR damper used in the blade system

(5) Comparison the experimental results with the results in the friction damper and

variable damper.

It is also used to study the possible limits of vibration reductions by adding damping to

the blade systems. It is found that the MR damper does vary the damper coefficient

continuously. However, two major problems present: first, its control range is relatively

small. By means of a simplified computer simulation, it is found that our MR damper

cannot deal with the large dynamic range of blade vibration sufficiently. Second, the MR

fluid we purchased is not quite stable. The viscosity of the fluid varies. Immediately after

a thorough shaking, it has the desirable damping force. But the viscosity decreases in

minutes. After two hours, the damper loses its performance. We did test the MR damper

with an MTS machine and the blade setup. Since the performance is not reliable, we shall

not discuss it in the later chapter.

The details of the MR damper are shown in Figure 4.2, Figure 4.3, and Figure 4.4.

4.3 Variable Damper

As mentioned before, the proposed variable damper is designed to achieve two goals.

First of all, it adds additional stiffness. This goal can be reached by the characteristics of

visco-elsastic behavior of the assembly of the damper and its fixture. During the motion

of the damper piston, energy is always stored and released by the deformation of the

fixture because the stiffness of the fixture is not as infinite. Such energy transformation

will actually add certain stiffness to the entire blade-fixture-damper system and will vary

the system's natural frequencies. The second goal is to add damping.
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To achievethesetwo goals,the variabledamperhastwo fluid paths.PathI hasa larger

diametersothat whena certainamountof hydraulicfluid is squeezedthroughthis path,

energy is dissipatedbut not a very large amount.BecausePath II hasa considerably

much smaller diameter,much more damping force can be obtainedwhen the large

amountof fluid flows through. In addition, sincethe dampingforce becomeslarger,it

will deform the fixture to achieveadditional stiffness.The specialfixture is carefully

designedandfabricated.

Thedetailsareshowedin attacheddrawingsin theAppendix.

The prototypesemi-activecontrol damperisdesignedto havethefollowing features:

Stroke:0.1mm-25.4mm(0.004inch - 1 inch)

Working damping force: 454 kg (1000 Ib)

Working frequency: I - 50 Hz

Response time: 10 ms
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Chapter 5

Experimental Investigation

5.1 Introduction

The experimental investigations are focus on the following aspects:

1. Dynamics characteristics of the new-designed hydraulic damper

2. Dynamics performance of the blade with/without the damper

3. Advantages of the new-designed hydraulic damper

4. Lessons we learn from the experiment investigations

Based on these aspects, we carry out the experiment investigations. We design and

conduct the experiment setup, including excitation methods, boundary condition, sensor

layout, and setup of the data acquisition system. After we obtain the experimental results,

we have the dynamic characteristics of the damper, and the performance of the blade with

damper. W can then compare the results, and draw conclusions.

5.2 Excitations

Two input methods are used in the test. One way to excite structures is to use an electro-

dynamic shaker. A force sensor attached to the armature driving the test object is used to

define input force amplitude while a signal generator controls frequency. The shaker is

fixed to the ground, allowing the highest possible excitation levels. Since this type of

excitation mechanism is easily controlled in frequency and amplitude, it offers the best

overall accuracy. An alternative method is to strike it with a calibrated dynamic impulse

hammer. A force sensor mounted in the head of the hammer transforms the input force

pulse into an analogous waveform that contains the necessary amplitude and phase

information to completely describe the forcing function.
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In this project, bothexcitation methodsare used.The shakerusedin the test is Model

1068,Vibration Test System.It operatesover a frequencyrangeof 0- 5000Hz.The

power supply amplifier for the shakeris Techron 5515, Crown International, Inc. The

hammer is from PCB. The shaker setup is showed in Figure 5.1.

A new in-house software package is specially designed to generate the required sweep

sinusoidal signal and to extract the dynamic characteristic of the blade in the frequency

domain. We can specify the frequency ranges, the number of sine dwelling cycles, and

the amplitude of output. The output of the accelerometers from the blade is filtered first

by correlations integration, allowing us to achieve much higher signal-to-noise ratio and

virtually no leakage. If the shaker can be driven with sweep sine signals, it concentrates

all the energy in the frequency of the range of interest. Therefore, we can have much

more accurate data. Since in the sweep sine signal, we can collect more data when the

signal is around the resonance frequencies, and collect fewer data between the resonance

frequencies, the data can be collected much more efficiently and accurately. Figure 5.2

shows the screen of in-house software.

This in-house software package can also be used to simulate the aerodynamic behavior of

the blade in the flight condition. It can send out the signals from the low driving

frequency to the high frequency, then from high frequency back to low frequency, which

can simulate the rotorcraft running up in the ground, and going in and out of the

resonance zone. At the same time, a function in this software package allows us to set up

a switch signal. After the sweeping sinusoidai arrives at the switch frequency, a switch

signal (in voltage) will be sent out to the controller. By control algorithm, the controller

will send out a control signal to switch the fluid flow state between the small orifice and

large channel in the damper. In this way, we can observe the performance of the semi-

active damper. The notation "auto sweeping test" is used in this report for this function.
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5.3 Boundary Conditions

The boundary condition in vibration analysis directly impacts the modal characteristics of

the system. Two types of idealized supports for vibration testing are fixed support and

"free" support. In fixed support, there is a constrained attachment to some no-motion

bases. "Free" support simulates of the structure floating free in space with air lifting

force. Since in the "real" world, the blades are fixed with the hub, so the fixed support

system is use in the test. Only lead-lag motion rotation in the large hole of the blade is

allowed. The homemade bolt in the large hole of the blade is allowed only +_0.010 inch.

Note that, in the real flight condition, the helicopter blade will have the distributed lifting

loads along the blade in flap and lag directions, and a centrifugal force in the axial

direction. Because of the limitation of the experimental equipment and lab space, we only

use the centralized lifting load in 1/3 length of the blade from the tip. Four rubber jump

cords are used as the hanger to lift up the blade. The height of the blade away from the

ground can be controlled by the chain, which is connected with the jump cords. No

centrifugal force is simulated in this study.

The blade is cantilevered to the steel bases at the end of the blade. The steel bases are

fixed on the concrete ground, a five-cell reinforced concrete box girder 40 ft long, 60 ft

wide, and 8 ft overall in height. The thickness of the top test floor slab is 18 inches. Tie-

down points consist of 4x2V2 inch symmetrical holes. Each tie-down point has an axial

load allowable capacity of 250 Kips. Figure 5.3 and Figure 5.4 show the details.

To reduce the influence of the shaker on the blade, a stinger between shaker and blade is

used and it must be carefully chosen. The stiffness and length are the important

parameters. If the stinger is too long, it can vibrate laterally; if too short, the behavior of

the shaker and stinger will be added into the blade and mixed with the dynamic behavior

of the blade. In this case, the data are not accurate. After several trials, the stinger, whose

length is 14.5 inches and diameter is 5/32 inch, is chosen. An aluminum base is used to

connect the stinger and the blade. The curve of one side of the aluminum base is

fabricated according the shape of the leading edge of the blade. Two aluminum bases,
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onefor thehammertest,andtheotherfor theshakertest,aregluedwith the leadingedge

of theblade.

5.4 Node Layout

The node layout is detailed in Figure 5.5. The placement of the exciters and the sensors

are chosen properly to excite all the modes of interest are excited, and unique geometrical

description of the mode shapes. Improper node layout may cause wrong dynamic

characteristics of the blade. To obtain sufficient accuracy and readability of modal

shapes, the blade has been discretized in 14 points, which are also constrained by the

number of channels in filter and conditioners.

There are two load cells in Node 9 (Y direction) and Node 2 (X direction). The sensitivity

for the load cell in Node 9 is 20 lb/Volt; the one for the load cell in Node 2 is 10001b/Volt.

5.5 Data Acquisition

The accelerations on the blade have been measured by using a set of PCB accelerometers

mounted on a small plastic base. The curves were specially manufactured according to

the shape of the leading edge of the blade. The plastic bases are glued on the blade, and

the accelerometers are screwed onto the plastic base. The masses of the plastic bases and

accelerometers are very small compared to that of the blade.

The linear variable differential transformers (LVDT) are used in displacement

measurements. The scale for the LVDT in Node 2 and Node 9 is 0.2 inch/Volt. Low-pass

filter is used to avoid signal aliasing.

The in-house software package and Virtual Bench (National Instrument) are used to

collect the experimental data. Virtual Bench collects the dynamic response in the time

domain, such as acceleration and displacement" from accelerometers and LVDT. The in-
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house software collects the data in the frequency domain, including magnitude of the

vibration, frequency, phase, etc.

A controller system is designed to implement the control strategy according to the

response of the blade. This controller system includes a computer with control algorithm,

a controller box for receiving the control signals and sending out the signals to the

directional control valve in damper, and a power supply for the controller box. The

control signal is either 0 volts or 12 volts. Figure 5.6 shows the controller setup.

Figure 5.7 shows the data acquisition system and Figure 5.8 shows the picture.

5.6 Damper Mechanism

Figure 5.9 shows the damper in the blade.

When the power for the directional control valve is on (12 volts), the large fluid flow

channel (diameter: 0.386 inch (9.80 ram)) is open and the damping force will be small.

When the power is off, the large fluid flow channel is closed and the fluid must flow

through the small orifice (current used diameter: 0.037ram), creating a larger damping

force. The size of orifice can be chosen according to the damping force and dynamic

behavior of the rotor system. Also, the volume control needle valve, which is in the same

flow path as the directional control valve, can be used to manually adjust the speed and

volume of the fluid flow and create the different damping forces.

For convenience, in this report, "small orifice" and "large channel" are used to describe

the two different control states. At the same time, "off" is used for the "small orifice"

state in the plots, since the power is off in this state, and "on" is used for the "large

channel" state, since the power is on in this state.
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The diaphragm can be used to absorb hydraulic shocks, compensate for leakage, and

improve the stability of the damper by dampening the flow fluctuations. The check valves

allow free flow in one direction while preventing flow in the reverse direction. When the

pressure in the cylinder is lower than that in the diaphragm, the fluid can flow from the

diaphragm to the system. However, the fluid cannot flow in the reverse direction from the

system to the diaphragm by the check valves. If the pressure in the system is too high, the

relief valves will open and the fluid can flow to the diaphragm. The relief valves offer

stable performance and fast response.

5.7 Experimental Results

5.7.1 Component Test of the Hydraulic Damper

To investigate the characteristics of the hydraulic damper, component tests of the damper

are conducted on MTS axial-torsion testing machine. This machine is capable of biaxial

testing of specimens. Control modes available are force, strain, and displacement in axial

mode. The machine has calibrated ranges of 100, 50, 20, 10 Kips, and _+5, +2.5, +_1, and

+_0.5 inch axially. In this study, displacement control is used. The displacements are 0.01

inch (0.254 mm), 0.02 inch (0.508 ram), and 0.03 inch (0.762 mm), respectively. The

component tests include the performance of the damper in 1 Hz, 2 Hz and 4 Hz frequency

sinusoidal inputs.

The force-displacement relations of the damper in the small orifice state and in 1 Hz, 2

Hz and 4 Hz are shown in Figure 5.10, Figure 5.11, and Figure 5.12, respectively. The

force-displacement relations in the large channel state and in 1 Hz, 2 Hz, and 4 Hz are

shown in Figure 5.13, Figure 5.14, and Figure 5.15, respectively. The upper plot shows

the force-displacement relation, the middle plot shows the displacement signal in the time

domain, and the lower plot shows the force signal in the time domain.

The comparisons of the force-displacement relations between the small orifice and large

channel in each frequency and displacement are shown in Figure 5.16, Figure 5.17, and
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Figure 5.18, respectively. Table 5.1 lists the comparison of damping energy ratios. The

damping energy is the area that one cyclic force-displacement can cover. These ratios can

show us the damping capacities of the damper under the different excitations (different

frequency and different amplitude).

Table 5. l Comparison of Energy Ratio

Small Orifice

Energy

(kips.inch)

0.0049

Large Channel

Energy

(kips-inch)

0.00331 Hz, 0.01 inch

1 Hz, 0.02 inch 0.0189 0.0053

1 Hz, 0.03 inch 0.0487 0.009

Ratio

1.51

3.56

5.41

2 Hz, 0.01 inch 0.0088 0.0026 3.34

2 Hz, 0.02 inch 0.0436 0.0057 7.71

0.00780.1251 16.082 Hz, 0.03 inch

4 Hz, 0.01 inch 0.0195 0.0025 7.84

4 Hz, 0.02 inch 0.1138 0.0051 22.42

4 Hz, 0.03 inch 0.2015 0.0076 26.53

From the test data, we know that the variable damper achieves the control goals and can

be installed in the blade for the further test. The ratios are increased with the increasing

amplitude. With the different frequency, the small orifice energy has dramatic change,

and the large channel energy has little change. Also, based on the damping constitution,

we can design the fixture between the damper and the root of the blade.
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5.7.2 Helicopter Blade Test

The blade test has three courses. The first is with the large diameter fluid path only,

denoted by "large". The second is with the small diameter fluid path denoted only by

"small". The third is with the variable damper control denoted by "control".

Figure 5.19 shows the displacement of the blade with the variable damper, which is

located in 1/3 the length of the blade away from the tip. Figure 5.20 shows the

displacement of the damper. Figure 5.21 shows the displacement in the location of the

accelerometer in the tip, which is calculated from the acceleration data. It is clearly seen

that: first, the large channel test and the small orifice test exhibit distinct natural

frequencies. During the large channel test, we can visually identify that the peak response

resonates at 2.8 Hz. In the small orifice test, the resonance frequency is 6.5 Hz. These

figures indicate that our first strategy of varying the stiffness works. Second, from Fig

5.19, we can roughly see that in the large channel test, the system presents smaller

damping ratio, which is about 28.6%. Since we use the small fluid path in small orifice

test, comparably much higher damping ratio is achieved, which is about 84%. In the

control test, we use the computer to identify the threshold of switching frequency and

thus apply the controlled damping/restoring forces to the blade. Clearly the amplitude of

the controlled response is significantly reduced from the large channel state to the small

orifice state. With the control, the peak value of the displacement measured at 1/3 length

of the blade is about 0.21. Without the control, the amplitude is about 0.72. The

uncontrolled responses are about 3 to 4 times larger.

The displacements of the blade and the damper in auto sweeping tests are shown in

Figure 5.22 and Figure 5.23. The auto sweeping tests also consist of the small orifice test,

large channel test, and control test. From these figures, we can see the same reductions on

the displacement of the blade and the displacement of the root of the blade.

These facts imply that our second strategy can work with the variable damper. In real

helicopters the stiffness of the damper assembles may be quite different from our test.
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Here, we only conduct the proof-of-the-concept test; reasonable questions may arise that

in real situations the variable damper may still achieve the additional stiffness to avoid

resonance. In the large channel test and the small orifice test, the damping ratios are quite

high. In real cases, according to the literature, it will be only 5%. In such a condition, if

we can achieve 20% difference in natural frequencies, we can successfully avoid the

phenomena of resonances.

It is noted that these large damping ratios, 28.6% and 84% respectively for different

modes, are not only contributed by the variable damper, but affected by the

aforementioned boundary conditions. Such a boundary condition is not realized in real

applications. Instead, in real circumstance, the damping energy dissipating contributed by

the blade system is rather small. It is also noted that, if possible, we would rather use

smaller damping contributed by the boundary conditions. The smaller that portion of

energy dissipation is, the larger difference of the two pre-set damper modes can be

achieved. However, in the lab conditions, we have to deal with that large damping, which

in fact makes the test less effective.

5.8 Summary and Discussions

(1) Control strategies review: the damping force can be switched according to the

different flight situation, while the stiffness can be switched accordingly:

• When the vibration of the blade approaches to the resonance region from driving

lower frequency, additional stiffness should be switched off. When the vibration of

the blade approaches the resonant region from driving higher frequency, additional

stiffness should be switched on. In this way, we successfully avoid resonances;

• In real flying conditions, as the speed of the rotation varies, the vibration of the

blade may pass through several resonance regions. The proposed control strategy

will apply to all of them if the frequency shift can distinguish the resonance points;
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Therearetwo methodsto determinetheswitchingthresholdof the frequency.First,

the resonancefrequenciesare determinedby the driving frequency,namely, the

speedof thebladerotations.Therefore,the informationon bladespeedwill besent

to the controller; with the pre-knowledgeof the blade's natural frequency,the

switching functionsare conducted.Second,we usesensorsand the computerto

online identify thedriving frequency,but identificationtakestime. We alwayshave

roomfor thecalculationbecausethedriving speeddoesnot immediatelyreachthe

resonance.We can alwayshave pre-knowledgeof the trend of the approaching

period.

When resonancecannot beavoided;for example,whentwo naturalfrequenciesare

too closeto beswitched,we addlargedampingto the system.Again, theboundary

conditionsaredifferent from a real flight. Thetestdatashowthat extremelylarge

dampingwill not be true in real situations.From the componenttest, the damper

candissipateefficientenergyto achievelargedampingratiosof about84%in our

tests.However,asmentionedbefore,the fixture of thedamperaswell astheentire

elasticity of the blade will not provide efficient stiffnessto achievesucha high

dampingratio in real conditions.Nevertheless,with this primary testingstyle, we

feel comfortablethat our variable damper can contribute larger damping than

commonlyusedones.

The reasonwe arecomfortablein providing largedampingcanbeexplainedagain

in moredetail.In normalsituations,whenlargedampingapplies,smallervibration

level can be achieved.The resulting damping force roughly a product of the

damping coefficient and vibration velocity, will not be very large. Thus, large

dampingshouldbe used.However,if for somereasonsthevibration level startsto

grow and finally becomesquite large, the damping force with large damping

coefficientwill becomevery largewithout control efforts. It canbe too largeto be

allowedin theblade-damper-hubsystem,sinceanoverly largeforce may damage

thebladesystem;therefore,for safety,thedampingcoefficientcannotbe too large.
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(2)

Of course, by doing so, we will not have large damping but large vibration. With

the variable damper, the initial damping coefficient is designed to be as large as

possible, if the stiffness of the fixture and blade can support such a damper.

Therefore, in normal conditions, we will have considerably large damping and

small vibration. If in the worst scenario, the vibration becomes too large and the

damping force may damage the system, the large damping ratio is switched off

immediately to prevent the damage.

The hydraulic damper can provide large damping force even in the small lag motion.

In the small orifice state, the displacement of the damper is 0.003 inch (0.076 mm),

and the displacement of the blade (1/3 length of the blade away from the tip of the

blade) is 0.04 inch (1.016 ram). In the large channel state, the displacement of the

damper is 0.0164 inch (0.416 ram), and the displacement of the blade is 0.119 inch

(3.023 ram). The displacement of the damper is reduced 82%; the displacement of

the blade, 62%.

(3) The small orifice state has the ability to provide enough damping energy

(4)

(5)

The manual needle valve provides a match for the dampers to different rotor

systems. Therefore, the dampers have better tracking ability.

This newly-designed damper is a fail-safe damper. Even if the switch damping

function fails, the damper still can act as the traditional passive damper.

(6) Low power consumption and low voltage (12 Volts) are used to control the

variable orifice.

Therefore, this hydraulic damper has improved damper performance. It may potentially

reduce maintenance cost, lower hub loading, and achieve less fatigue, and improved

stability.
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Further

Chapter 6

Future Research

studies may include:

1. A fatigue test on the damper

A fatigue test is very important to ensure the reliability of the newly developed

damper. Although experience on the hydraulic cylinder, control valves, and

accumulator are available among many existing companies, the assembly of the

cylinder and the cartridge body in this special design is new. We thus plan to

conduct a thorough fatigue test. The test will apply 1000 lb force at 20 Hz driving

frequency on the existing damper with/without control commands. External loads,

internal pressure, vibration velocity, damper displacement as well as frequency

will be recorded. The number of the test cyclic will also be recorded.

2. Further computational simulating to compare with other researchers' work

• Develop mathematical model of damper;

• Optimal design of the controllers to maintain tracking performance, and

optimization of the control algorithms;

• Optimization study that evaluates the performance of the damper;

• Finite element-based analytical model of the blade with the hydraulic damper;

• Consideration of nonlinearity (global and local) in the analytical model.

3. Prepare for the flight test, including gathering the information on the helicopter

for installation of the damper, adjusting the damper and damper accessories,

setting up the new data acquisition system, etc. Online system Identification: the

transfer function estimate should be updated fast enough to slowly track

variations in the plant

4. Further develop the control software and hardware for practical applications.

Include the product of a software package about a modal analysis tool written in

MATLAB to exploit frequency domain measurements, to present the dynamic

characteristic of the blade, to simulate the blade performance, and to monitor the

blade under aerodynamic load. GUIs will be provided for visualization of

responses, frequency domain identification, animation of operational deflection of

modes shapes, and monitoring the blade damage, etc.
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Figure 5.1 Shaker Setup
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Figure5.3ExperimentalSetup

Figure5.4DamperInstallation
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Figure 5.8 Data Acquisition System
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